The scope of this study is to assess how different energy efficient renovation strategies affect the environmental impacts of a multi-family house in a Nordic climate within district heating systems. The European Union has set ambitious targets to reduce energy use and greenhouse gas emissions by the year 2030. There is special attention on reducing the life cycle emissions in the buildings sector. However, the focus has often been on new buildings, although existing buildings represent great potential within the building stock in Europe. In this study, four different renovation scenarios were analyzed with the commercially available life cycle assessment software that follows the European Committee for Standardization (CEN) standard. This study covers all life cycle steps from the cradle to the grave for a residential building in Borlänge, Sweden, where renewable energy dominates. The four scenarios included reduced indoor temperature, improved thermal properties of building material components and heat recovery for the ventilation system. One finding is that changing installations gives an environmental impact comparable to renovations that include both ventilation and building facilities. In addition, the life cycle steps that have the greatest environmental impact in all scenarios are the operational energy use and the building and installation processes. Renovation measures had a major impact on energy use due to the cold climate and low solar irradiation in the heating season. An interesting aspect, however, is that the building materials and the construction processes gave a significant amount of environmental impact.
Introduction
The European Union has the ambition to reduce energy use in buildings by 30% and greenhouse gas emissions (GHG) by 40% by 2030, compared to 1990 [1] . Within the EU, buildings currently account for 40% of total energy use and 36% of total GHG emissions [2] . In Sweden (EU member), the construction and real estate sector accounts for about 40% energy use, but only 15% of GHG emissions. The lower share of GHG is mainly due to the extensive use of renewable energy sources in the heating and electricity sector [3] .
An estimate is that 80% of the buildings used today will remain in 2050 [4] . This means in a longer perspective, more buildings will be for renovation than new constructed buildings [5] . Based on the EU ambition to reduce GHG emissions for the construction and real estate sector, the need to improve In short, previous research on energy efficiency measures and LCA are limited to different types of buildings with a particular focus on newly built energy-efficient housing. Studies on renovation are scarce. In addition, previous research is scattered. Previous studies have investigated all possible improvements and increased efficiencies for different types of buildings in different climate zones, with different effects, such as energy savings, cost savings, primary energy, GHG and more. Few studies have focused on the increased relative importance of building materials with reduced energy use and when clean energy is used. However, in earlier research conducted by Lidberg et al. [30] and Ramírez-Villegas et al. [31] , assessing energy-efficient renovation in multi-family houses was applied in a DH district. We believe that it is of global interest to gain insight into how different renovation strategies can affect the environmental impact of multi-family houses in large-scale DH in a low-carbon context. Therefore, the scope of this study is to:
1.
Assess renovation strategies comprising energy efficiency measures for a relatively high standard multi-family house in the Nordic climate, in a low-carbon DH system, where demand for space heating during the cold winter is substantial. 2.
Include environmental impact for both building construction materials used for renovation and operational energy savings.
3.
Apply a life cycle analysis in accordance with the CEN standard and discuss methodological implications.
By doing this, the study will complement the energy-efficient renovation assessment methodology proposed. Furthermore, the result can contribute to a more complete assessment for building renovation.
Methods
The method of this study is described in line with the ISO standard for Life Cycle Assessment [32].
Objectives

Goal
The two-fold goal is to:
1.
Investigate how different renovation strategies affect the life cycle environmental impact with respect to materials and operational energy use.
2.
Identify and discuss how the different life cycle stages contribute to the total environmental impact for these renovation strategies.
Functional Unit
The functional unit selected for this study is the entire building use over a period of 50 years. The building is a three-story residential building in the municipality of Borlänge, Sweden (250 km Northwest of Stockholm). The building is located in an area called "Tjärna Ängar", built within the years 1969-1971, during a period in Sweden called the Million Homes Program. The selected building is a three-story building with 36 apartments and a total heated area of 2822 m 2 ( Figure 1 ). In addition, after renovation of the same building, with an improved energy efficiency for the next 50 years, it serves as the reference study period. 
System Boundaries
This study encompasses all phases from cradle to grave according to the standard EN 15978; manufacture of construction materials (A1-3), construction processes (A4-5), use (B1-7) and end of life (C1-4). In addition, the benefits and loads beyond the system boundary (D) were calculated, but not included in the total results.
The study complies with the standard EN 15978 [33] . That means it is considered as an attributional LCA, i.e. in this case, bookkeeping of the environmental impact for renovation of a specific building during the reference study period. At the same time, different renovation strategies are considered (see scenarios below), suggesting the study to be used in decision-making. The discussion section includes a further elaboration of this contradiction.
Scenarios
This study assessed four different renovation scenarios (defined in [31] ): deep energy renovation scenario (DEERS), building envelope scenario (BEnS), heat recovery ventilation scenario with reduced indoor temperature (HRV21) and heat recovery ventilation scenario without reduced indoor temperature (HRV22.7). Scenarios reflect different strategies that are more or less material-intensive in addressing the issue of the relative importance of the material to energy in terms of environmental impact. Information about the scenarios are presented in Table 1 . 
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Scenarios
This study assessed four different renovation scenarios (defined in [31] ): deep energy renovation scenario (DEERS), building envelope scenario (BEnS), heat recovery ventilation scenario with reduced indoor temperature (HRV21) and heat recovery ventilation scenario without reduced indoor temperature (HRV22.7). Scenarios reflect different strategies that are more or less material-intensive in addressing the issue of the relative importance of the material to energy in terms of environmental impact. Information about the scenarios are presented in Table 1 . The chosen renovation scenarios reflect the measures usually applied in the renovation of buildings in Sweden. That means that they are technically, and to a varying extent, economically viable in the general perception of the construction and real estate sector. The chosen renovation scenarios were determined to reduce purchased energy for buildings. The first scenario called DEERS is a scenario earlier applied in the residential area Brogården (Alingsås, Sweden) [34] . The building conversion scenario BEnS is a variation of the previous scenario but without considering changes in installations. The last two scenarios HRV22.7 and HRV21 consider upgrading of installations rather than the physical properties of the building. The temperature reduction in HRV21 takes into account the assumption that preheated supply air increases the thermal comfort in the building.
Life Cycle Inventory
Material Use
Data from similar projects conducted by a building construction company quantified the material use of the different renovation scenarios [35] . In Tables 2-7 all used data are compiled. In the selected software used, the datasets adopted are product-specific environmental product declarations (EPD). Where more than one EPD is available, the one more significant for the local market was adopted. When no EPDs where available, generic data from Ecoinvent and GaBi were adopted. All the EPDs contain expenditures of cradle-to-grave or cradle-to-gate stage, according to EN 15804 and EN 15978 standards.
The "As Built" scenario assumed that all exhaust ventilation components would need replacement. To reflect the potential impact of material production in the selected country, compensation of data from other countries was according to the CEN/TR 15941 method. All building materials data (windows, insulation, walls and facade) are data from building construction companies. All information related to installations (heating systems, ventilation systems) is general data from the software manufacturer [36] . All transport distances are average data from the Nordic countries and are defined in the program as standard (60 km, trailer combination 40 tonnes, 100% filling rate). All upstream data are from the Ecoinvent and the GaBi databases. All renovation scenarios were investigated based on simulation. The building energy simulation (BES) tool was IDA-ICE (version 4.7.1. EQUA Simulation AB, Solna, Sweden) [37] . More details about the BES can be seen in [31] . Based on the available data, it is possible to assess the environmental impact of the building's energy use. The selected scenarios affect the energy use of the building differently, either by reducing active heat demand or by introducing more efficient installations. The assumption in this study was that energy use would be the same for the building over the next 50 years. Table 7 . Greenhouse gas emissions (GHG) emission factors for DH 2016 [38] .
GHG Emissions (G CO 2 eq/kWh) Borlänge Energi Göteborg Energi
Total Emissions 66 79 Combustion 62 69 Fuel transport and production 4 10 The building is located in Borlänge, Sweden. The municipality DH system provides space heating and domestic hot water preparation. Waste incineration with energy recovery and industrial excess heat is the main source. The estimated total use is 360 GWh of heat per year. Because the used software only allows verified data in an EPD, the nearest possible verified data set, when it comes to data on emissions, was from Göteborg Energy Partille Ale, compare Tables 6 and 7 .
It is noticeable that there is a difference between the amounts of fossil fuels used in the various DH systems. Consequently, there is a need to use only externally verified data in the software. This affects the results that show a higher environmental impact.
Life Cycle Impact Assessment
According to the EN15978:2012 standard [33] , using the CML2002 Impact Assessment Method developed by the University of Leiden is required [4] . In this study, four relevant impact categories are considered; global warming potential (GWP), acidification potential (AP), eutrophication potential (EP) and abiotic depletion potential of non-fossil elements (ADP). The relevance of these effects in the Swedish context is the basis for the choice of impact categories. GWP is the most relevant impact globally, due to the large amount of research, partly by the IPCC [39] . It reflects the fact that human-based GHG emissions have a major impact on the climate. ADP and EP are part of what Rockström et al. [40] defined as "planet boundaries". They play an important role in minimizing negative environmental impacts. Finally, ADP is relevant because of the importance of changing from energy efficiency to resource efficiency.
Results
The effect of energy efficiency measures during the operational phase for the building scenarios was determined with simulations, using the BES tool IDA-ICE. DEERS is the scenario that reduced the energy use most. The reduction was 43%, compared with the original building. BEnS and HRV21 scenarios reduced energy use by 27%. HRV22.7 is the scenario with the lowest reduction, 15%. Based on the energy performance of the different scenarios, the reductions in buildings' lifetime energy use were similar, see Table 8 . With these results of energy savings, along with information on the use of building materials from the building construction company, it was possible to determine environmental performance for both energy and material use of the proposed scenarios in the selected categories.
As shown in Figure 2 , all renovation options result in a reduction of GWP. This is mainly due to the reduction of energy use during the lifetime. The presented results are GWP savings compared to the original building. In this category, DEERS is the scenario with the lowest GWP impact. It reduced the GWP of energy use by 42% and had a total GWP saving of 19% compared with the original building. HRV21 is the second scenario, with savings of 23% of CO 2 eq compared with the original building and total savings of 16%. Scenario HRV22.7 reduced 16% of energy use emissions and 10% of total life cycle emissions. BEnS emission reduction at the energy use stage was 25% and total emission reduction 10%. It is interesting to note that the HRV21 scenario performs better than BEnS, although the scenario has a poorer energy performance. This is due to the increased emissions from building materials and the construction process. Figure 3 shows the acidification potential savings for the different scenarios compared with the original building. In terms of GWP, most savings relate to the energy use stage and the most negative impact are from materials and construction processes. DEERS saved 41% of SO 2 eq at the energy use stage and 13% on the total life cycle. HRV21 saved 23% on energy use and 16% on total life cycle, HRV22.7 saved 16% on energy use and 11% in total and BEnS saved 26% on energy use and 6% on total life cycle. With these results of energy savings, along with information on the use of building materials from the building construction company, it was possible to determine environmental performance for both energy and material use of the proposed scenarios in the selected categories. As shown in Figure 2 , all renovation options result in a reduction of GWP. This is mainly due to the reduction of energy use during the lifetime. The presented results are GWP savings compared to the original building. In this category, DEERS is the scenario with the lowest GWP impact. It reduced the GWP of energy use by 42% and had a total GWP saving of 19% compared with the original building. HRV21 is the second scenario, with savings of 23% of CO2eq compared with the original building and total savings of 16%. Scenario HRV22.7 reduced 16% of energy use emissions and 10% of total life cycle emissions. BEnS emission reduction at the energy use stage was 25% and total emission reduction 10%. It is interesting to note that the HRV21 scenario performs better than BEnS, although the scenario has a poorer energy performance. This is due to the increased emissions from building materials and the construction process. Figure 3 shows the acidification potential savings for the different scenarios compared with the original building. In terms of GWP, most savings relate to the energy use stage and the most negative impact are from materials and construction processes. DEERS saved 41% of SO2eq at the energy use stage and 13% on the total life cycle. HRV21 saved 23% on energy use and 16% on total life cycle, HRV22.7 saved 16% on energy use and 11% in total and BEnS saved 26% on energy use and 6% on total life cycle. In Figure 4 , it is possible to observe a trend similar to other categories, where DEERS and BEnS performed best for the energy use category. This performance does not compensate for the impact of the material and the construction process. DEERS saved 42% of PO 4 eq at the energy use stage and 13% on the total life cycle. HRV21 saved 23% on energy use and 17% on total life cycle, HRV22.7 saved 16% on energy use and 11% in total and BEnS saved 25% on energy use and 5% on total life cycle. Figure 5 shows the impacts on resource use for the renovation scenarios. As shown by previous categories, the most positive effect related to energy use during the life cycle. DEERS saved 43% of Sbeq at the energy use stage and 11% on the total life cycle. HRV21 saved 23% of energy use and 12% on the total life cycle, HRV22.7 saved 16% on energy use and 8% in total. BEnS saved 24% on energy use and 3.5% on total life cycle. Figure 3 shows the acidification potential savings for the different scenarios compared with the original building. In terms of GWP, most savings relate to the energy use stage and the most negative impact are from materials and construction processes. DEERS saved 41% of SO2eq at the energy use stage and 13% on the total life cycle. HRV21 saved 23% on energy use and 16% on total life cycle, HRV22.7 saved 16% on energy use and 11% in total and BEnS saved 26% on energy use and 6% on total life cycle. In Figure 4 , it is possible to observe a trend similar to other categories, where DEERS and BEnS performed best for the energy use category. This performance does not compensate for the impact of the material and the construction process. DEERS saved 42% of PO4eq at the energy use stage and 13% on the total life cycle. HRV21 saved 23% on energy use and 17% on total life cycle, HRV22.7 saved 16% on energy use and 11% in total and BEnS saved 25% on energy use and 5% on total life cycle. Figure 5 shows the impacts on resource use for the renovation scenarios. As shown by previous categories, the most positive effect related to energy use during the life cycle. DEERS saved 43% of Sbeq at the energy use stage and 11% on the total life cycle. HRV21 saved 23% of energy use and 12% on the total life cycle, HRV22.7 saved 16% on energy use and 8% in total. BEnS saved 24% on energy use and 3.5% on total life cycle. Considering all impacts, the stage that contributes most was the operational energy use, followed by construction and installation processes and building materials. It is noteworthy that material transport showed a smaller contribution to life cycle impact, due to the availability of local products.
As seen in Figure 6 , based on the LCA, BEnS was the scenario with the highest overall impact in all categories. The total environmental impact was relative to the highest sum (in percent). It shows that HRV 22.7 followed the worst-case scenario. HRV21 was in three categories, the scenario with less environmental impact. DEERS was the best-case scenario when it comes to GWP. As seen in Figure 6 , based on the LCA, BEnS was the scenario with the highest overall impact in all categories. The total environmental impact was relative to the highest sum (in percent). It shows that HRV 22.7 followed the worst-case scenario. HRV21 was in three categories, the scenario with less environmental impact. DEERS was the best-case scenario when it comes to GWP.
Discussion
About the Results
With regard to environmental impact during the life cycle of the different alternatives, it is interesting to note that different methods can archive a similar overall environmental impact. In the case of DEERS, the approach is to improve the building envelope and to replace the ventilation system with an HRV. It reduces energy use by about 50%. The HRV21 approach keeps the building envelope as it is and focuses on the installation of an HRV. It can theoretically increase the thermal comfort in the building and reduce overall energy use by about 28%. The environmental impact of the materials and construction process for these two approaches is interesting. DEERS can counteract the environmental benefits of reducing energy use and get a similar overall performance as HRV21.
Given that, HRV21 has a lower impact during the construction process and the choice of material. It is the "low-hanging fruit". That perspective depends on the assumption that the sources of energy in the municipality will not change over the next 50 years (which is extremely unlikely). For a further elaboration of this result, see Section "Time perspective" below.
The situation of the Swedish energy system represents a unique situation. DH in Sweden, and in this case, Borlänge municipality, consists of fuels that have low fossil carbon content. The discussion about how this can affect the future of buildings is problematic; reducing the use of DH would increase the use of electricity. In this study, the source for electricity was renewables. In reality, when temperature drops, the use of electricity in HRV is higher. Because of these electric peaks, there is a need for fossil fuels; to a large extent coal and LPG. In this study, that is not considered. Here an average electricity mix was considered. 
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About the Methodology
Uncertainty
It is important to note that the LCA method does not allow the benefits and loads, beyond system boundaries (D), to be calculated in the overall results. This is due to the uncertainty that future users and practitioners will recycle the various materials used in the renovation of the building. In this study, these benefits would have an insignificant impact. However, projects that have a larger share of recyclable materials would hide better environmental performance, due to the uncertainty.
With regard to the selection of DH data, the selected software allows only the use of externally certified data, which provides a very limited amount of possibilities. Analysing the data from different energy companies about the energy mix concluded that the "best possible" verified data was from Göteborg municipality. Moreover, the share of fossil fuels was greater and the amount of biofuels was lower. This can lead to the GWP effect for DH usage (B6 heat) being about 84% of the resulting impact. However, since the tool is for commercial use, modification of data is not optional.
The sensitivity analysis performed assumed different life span and material alternatives. In the selected LCA tool, it is not possible to specify where the material is from. Available data sets are from the EPDs that companies themselves have made. The program makes a "compensation for local conditions" based on statistical data on energy intensity to produce similar products, as in the studied country. Consequently, the result consists of considerable uncertainties.
Time Perspectives
By combining an LCA approach with the method developed by Lidberg et al. [30] , the system boundary for the entire system will extend and take into account a life cycle approach of the building materials and energy use. One of the limitations is the time span. Considering the sources of energy, the configuration of today is unrealistic. The introduction of more renewable energy sources in the energy mix over the next 50 years and the development of a 4th generation DH in Sweden will have a significant impact on the GWP results.
It is important to discuss how the life span of different materials can differ from theory to reality. A well-known condition is that manufacturers (such as window manufacturers) define the life span of their products as the product's technical service life before it starts to reduce performance. Building owners however, often use a commercial life span. One consequence is that the replacement of materials and installation will not be according to the manufacturer's recommendation, but instead when it is broken or commercial life at the earliest. In this perspective, LCA is problematic. This study took into consideration the technical life of the product (defined by manufacturers). However, it is well-known in the construction and real estate industry that building owners do not change components on their buildings until it is ultimately necessary, which means that the building's energy performance can change over time.
Another aspect is that life expectancy varies between different construction products. For a given reference period, some may be relatively new, while others will be replaced at the end of the study period. To solve the problem, the software interpolates LCA data for the components. By performing such interpolations, the EN15978 standard is not meet. This can make the assessment skew and the choice of reference study can change the results. Perhaps the standard is the main problem, instead of the software. The significance of this issue requires further investigation.
Type of LCA
As described above, this study follows the standard EN 15978, which means that an attribution LCA is considered. However, when comparing different renovation strategies, it makes it useful for making decisions, which suggests that it is a consequential LCA. In addition, the study life span of 50 years means long-term accounting.
The ILCD handbook [41] describes three main goal situations that occur in LCA practice. Situation A ("Micro level decision support") defined as "limited or no structural consequences outside the decision-context". Situation A is in line with the standard and the OneClickLCA software. Situation B ("Meso/macro level decision support") is expected to have structural consequences beyond the decision-making framework. Additionally, it is stated, "the analysed systems shall be modelled as in Situation A, except for those processes in the background system that are affected by large-scale consequences of the analysed decision. These are modelled with the mix of the long-term marginal processes/systems." LCA as such only covers renovation measures for one building, which of course would not cause changes in the DH system. However, with the proposed methodology [30] , a combined assessment of renovation in residential areas and related changes in the energy DH system is suggested. From this perspective, when expanded to a solely residential area, categorization as Situation B may be appropriate. In addition, the long period of 50 years entails long-term changes in the background system to be included. With this approach, a suggestion is energy system models to calculate the marginal mix. It would of course increase the uncertainty in the assessment, as there is real uncertainty about how these systems will actually change. Working with future scenarios would then be more feasible, showing various plausible outcomes.
Many of the previous studies [42] use a consequential approach for assessing and evaluating changes in energy use in buildings. This may be based on a misunderstanding, as most of these studies refer to situation A above. However, the energy systems research field widely uses the marginal perspective. Studies are mostly for finding short-term consequences, which typically use carbon or oil as a marginal energy source. It seems that building designers, as well as researchers in energy systems and LCA, still have some work to do to conform recommendations and practice in how to perform these assessments. There is some previous work addressing these issues [42] [43] [44] but there is yet more work to do in this area.
Applicability
One of the advantages of the chosen software is the possibility to perform a detailed analysis with limited data, and as the software is cloud-based, it is possible to see the changes immediately. The tool aims to have building companies using it to assess the environmental impact of the project during the design stage or to use it to communicate environmental benefits with their operations.
The tool has several shortcomings. These require further discussion and possible improvements. As mentioned earlier, these include handling of varying life spans that is not accrual, and environmental impacts treated differently from economic assessments. There is currently no option to using the tool with a consequential approach and long service life combined with short-term data. In addition, there is only one specific impact assessment method, which makes it less applicable to use by LCA practitioners. There is no possibility of changing the dataset of materials and processes. Sometimes it makes it necessary to customize the information for "best" available. It is obvious that the chosen LCA tool has limitations for research purposes due to the commercial intent.
Although LCA and energy use projects can aid stakeholders in the building decision-making process, completing the analysis with a life cycle cost (LCC) assessment in order to assess which renovations are more desirable in the life cycle perspective is highly recommended. In order to complete the method proposed by Lidberg et al. [29] , it is necessary to combine the LCA approach with a LCC analysis. This makes it possible to assess the desired investment from the decision maker's point of view.
Conclusions
In this study, we report the results of the LCA environmental impact for a set of renovation scenarios for a residential building in Borlänge, Sweden. An important aspect is that the energy system in Sweden has a special situation. Primarily, the electricity supply constitutes renewable sources and nuclear power. In addition, the investigated building used DH for space heating and domestic hot water preparation. Still, sustainable strategies are important. The LCA focus was on four selected environmental categories; GWP, AP, EP and ADP.
The study had two goals. The first focused on how scenarios can affect the environmental impact of the life cycle in terms of materials and operational energy use. The second objective was to identify and discuss how the different life cycle stages contribute to the overall environmental impact of these renovation strategies.
In this study, the results of scenarios based on HRV, with temperature reduction (HRV22.7) and without temperature reduction (HRV21) were effective, defined as "low-hanging fruit". They contributed significant improvements in the LCA results. The effect of HRV21 was similar to the scenarios with limited (BENS) or extensive building material changes (DEERS).
An important aspect of the results is the assumption that the energy system will remain the same during the study period, in this case 50 years. If the perspective of predominant renewable energy is changed, it may be more relevant to change building materials. In addition to the energy mix, major uncertainties concern the definition of system boundaries and estimates of EPD. Time perspective is another important methodological aspect. Modelled duration, as well as the difference between commercial and technical life expectancy is also essential. The tool used in thus study had several shortcomings associated with uncertainty, such as the possibility of simulating different life spans, time variations in the energy mix, etc. For the future, there is a need for additional work with scenarios based on extensive model development. Furthermore, combining the LCA approach with a LCC analysis could improve the analysis. Funding: This work was carried out under the auspices of the industrial post-graduate school Reesbe, which is financed by the Knowledge Foundation (KK-stiftelsen) and Byggpartner i Dalarna AB.
